1. Introduction {#sec1}
===============

Superoxide dismutase (SOD) and nitric oxide synthase (NOS) are key enzymes known to prevent deleterious effects due to oxidative stress, by regulating the level of superoxide radical anion (O~2~^•--^) and inducing the formation of nitric oxide (NO^•^), respectively ([Fig. 1](#fig1){ref-type="fig"}a) \[[@bib1],[@bib2]\]. These two radicals are the precursors of endogenous reactive oxygen/nitrogen species (ROS/RNS) network that includes molecules, such as hydrogen peroxide (H~2~O~2~), hypochlorous acid (HOCl) and peroxynitrite (ONOO^--^), as well as radicals such as hydroxyl radical (HO^•^), nitrogen dioxide (^•^NO~2~) and carbonate radical anion (CO~3~^•--^). The ROS/RNS are well known for playing a dual role as both deleterious and beneficial species. In healthy tissue, the reactive species are present at very low concentrations and perform important functions as an efficient cellular defense mechanism eliminating viral and microbial infections. Whereas, the overproduction of ROS/RNS under conditions of acute or chronic inflammation has been linked with the etiology of various diseases though the reactivity of these species towards DNA, proteins and lipids and the induced regulation of several signaling pathways affecting a variety of cellular processes. Among the reactive species, the HO^•^ radical is a strong oxidizing agent and can directly react with the DNA, either by hydrogen abstraction from the sugar or by addition/hydrogen abstraction involving the base moieties. The main processes that generate HO^•^ radicals are reported in [Fig. 1](#fig1){ref-type="fig"}a \[[@bib1],[@bib2]\]. Peroxynitrite (ONOO^−^/ONOOH) associated with a p*K*~a~ value of 6.8 and the protonated form decomposes through homolysis of the weak O--O bond forming ^•^OH and ^•^NO~2~ radicals. The Fenton reaction, i.e., H~2~O~2~ reacts with the reduced-state transition metal ions, like Fe^2+^ or Cu^1+^, to give HO^•^ radicals. H~2~O~2~ is used by peroxidase for the synthesis of HOCl, which then interacts with O~2~^•--^ yielding HO^•^ radicals.Fig. 1(a) Endogenous ROS/RNS network and molecular pathways of hydroxyl radical (HO^•^) generation**. (b)** Structures of cPu lesions generated by H-abstraction from H5' position by HO^•^ radical and 8-oxo-Pu lesions generated by based oxidation from HO^•^ radical and other ROS species.Fig. 1

The reaction of HO^•^ radicals with isolated DNA has been studied in some details, the site of attack being both the base moieties (85--90%) and the 2-deoxyribose (10-15%) \[[@bib3],[@bib4]\]. Among the DNA modifications the purine 5′,8-cyclo-2′-deoxynucleosides (cPu) are peculiar of the chemistry of the C5′ position and they are formed exclusively by reaction of the hydroxyl radical (^•^OH) with 2′-deoxyguanosine (dG) or 2′-deoxyadenosine (dA) moieties, resulting in the formation of an additional C5′−C8 covalent bond. The cPu can exist in a 5′*R* and 5′*S* configuration ([Fig. 1](#fig1){ref-type="fig"}b) \[[@bib4], [@bib5], [@bib6]\]. The presence of C5'-C8 bond renders the cPu lesions attractive substrates for nucleotide excision repair (NER) which is the only repair mechanism able to process these lesions. A different repair efficiency of the *R* and *S* forms has been observed \[[@bib7],[@bib8]\].

Unrepaired cPu lesions may lead to harmful biological consequences. Both 5′,8-cyclo-2′-deoxyadenosine (cdA) and 5′,8-cyclo-2′-deoxyguanosine (cdG), are able to block DNA and RNA polymerases leading to cell death. *In vitro* studies showed that these lesions can be bypassed, during DNA replication, giving rise to a specific mutation pattern \[[@bib9]\]. These lesions are known to accumulate with aging in a tissue specific manner, in: liver \> kidney \> brain \[[@bib10],[@bib11]\], are highly cytotoxic and mutagenic \[[@bib12],[@bib13]\] while their extended presence in cellular DNA is also associated with cancer \[[@bib14],[@bib15]\] and neurodegeneration \[[@bib16], [@bib17], [@bib18], [@bib19]\]. On the other hand, the addition of HO^•^ radicals to the guanine and adenine moieties leads to a variety of products including the well-known 8-oxo-7,8-dihydro-2′-deoxyadenosine (8-oxo-dA) and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG) lesions ([Fig. 1](#fig1){ref-type="fig"}b) \[[@bib20]\]. Like HO^•^ radicals, other oxidizing species such as H~2~O~2~, singlet oxygen or ONOO^---^ are able to generate 8-oxo-Pu lesions that are removed by the base excision repair (BER) system \[[@bib21]\].

Leading theories suggest that oxidative stress can have a crucial role in the development of different pathologies characterized by chronic inflammation, such as inflammatory bowel disorders (IBD) \[[@bib22], [@bib23], [@bib24]\] and the several dysfunctions frequently associated with severe obesity, such as insulin resistance, cardiovascular diseases and diabetes \[[@bib25]\]. It is known that IBD patients have an increased risk of colorectal cancer (CRC) and that severe obesity can influence cancer risk as well as cancer outcomes \[[@bib26], [@bib27], [@bib28]\]. Elevated ROS production and high proliferation rate of epithelial cells can concur to the early development of genetic and genomic instability typically observed, at early stages, during IBD-associated colon cancer progression \[[@bib29]\]. In IBD patients, gene expression level of inducible nitric oxide synthase (iNOS) was increased in inflamed colon biopsies versus the normal counterpart \[[@bib30]\], and a positive correlation between the degree of inflammation, the iNOS expression levels and the subsequent p53 activation in IBD tissues has been found \[[@bib31]\]. In addition, both enzymatic and non-enzymatic endogenous antioxidant defense, such as catalase, superoxide dismutase and the reduced form of glutathione, was lowered in colon biopsies \[[@bib32],[@bib33]\]. The increase of both oxidative DNA damage and lipid peroxidation in tissue biopsies and body fluids also testifies an imbalance between antioxidant defence and ROS/RNS production in IBD \[[@bib34], [@bib35], [@bib36]\].

The adipose tissue, held for long time solely responsible for the thermogenesis and the energy storage, is an endocrine organ with high plasticity, able to secrete anti-inflammatory and pro-inflammatory cytokines, e.g. adipokine and leptin, respectively \[[@bib37]\]. It is well known that obesity is a risk factor for several co-morbidities, such as cardiovascular diseases, diabetes and cancer. Obese patients are characterized by a low grade of chronic and sterile inflammation, a condition that suggests a potential impact on genome stability. Consistently, recent lines of evidence testify that the oxidative stress and the inflammation, associated with obesity, lead to DNA damage accumulation: increased levels of 8-oxoguanine, in urine, blood and plasma, as well as single and double DNA strand breaks in human lymphocytes, have been found in obese humans when compared to what observed in the normal weight counterpart \[[@bib38],[@bib39]\].

The aim of this study was to investigate the presence of cPu in genomic DNA isolated from tissue biopsies collected from patients affected by chronic inflammatory diseases, such as IBD and severe obesity, assuming that these highly mutagenic adducts could contribute to genomic abnormalities as well as the increased cancer susceptibility associated with these pathologies.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Nuclease P1 from *Penicilliumcitrinum*, phosphodieasterase I and II, alkaline phosphatase from bovine intestinal mucosa, DNase I and DNase II, benzonase 99%, BHT, deferoxaminemesylate and pentostatin were purchased from Sigma-Aldrich (Steinheim, Germany). RNase T1 was from Thermo Fisher Scientific (Waltham, MA, USA) and RNase A from Roche Diagnostic GmbH, (Mannheim, Germany). 2′-Deoxyadenosine monohydrate and 2′-Deoxyguanosine monohydrate were purchased from Berry & Associates Inc. (Dexter, NY, USA). Isotopically labelled internal standards of 5′*R*-cdA, 5′*S*-cdA, 5′*R*-cdG, 5′*S*-cdG, 8-oxo-dA and 8-oxo-dG were prepared according to the previously reported procedures \[[@bib40]\]. Solvents (HPLC-grade) were purchased from Fisher Scientific (Waltham, MA, USA). The 3 kDa cut-off filters were obtained from Millipore (Bedford, OH, USA). Written consent was obtained from all participants. The approval by the ethics committee was obtained for IBD and obese patients (Istituto Superiore di Sanità, PROT. PRE 173/16; University of Rome Tor Vergata Register 169/15).

2.2. DNA and RNA isolation and gene expression analysis {#sec2.2}
-------------------------------------------------------

Colon biopsies were collected from macroscopic inflamed and normal areas of patients undergoing routine colonoscopy for a suspected or already diagnosed IBD and kept in RNA later solution to preserve the integrity of the nucleic acids during transport and storage. Before DNA and RNA extractions, both colon and adipose tissue biopsies were homogenized. Total DNA was extracted by genomic DNA isolation kit (Norgenbiotek corp. 24700) after homogenization by mixer mill (MM 400, Retsch) of tissue samples (approximately 200 mg). Total RNA extraction from colon biopsies was carried out by using RNeasy mini kit (Qiagen) and then converted to single stranded cDNA by using a reverse transcriptase with the High-Capacity cDNA Archive Kit (Life technologies). Conversely, total RNA from adipose tissue biopsies was performed by Invitrogen TRIzol reagent. Gene expression levels of genes of interest were analyzed by TaqMan gene expression assays (7500 fast real time PCR system, Life Technologies).

2.3. Enzymatic digestion protocol {#sec2.3}
---------------------------------

DNA samples (10 μg) were hydrolyzed to single nucleosides using an 100 μL of Ar flushed enzymatic cocktail containing10 mMTris-HCl (pH 7.9), 10 mM MgCl~2~, 50 mM NaCl, 0.2 mM pentostatin, 5 μM butylated hydroxytoluene (BHT) and 3 mM deferoxamine and the internal standards (\[^15^*N*~5~\]-5′*S*-cdA, \[^15^*N*~5~\]-5′*R*-cdA, \[^15^*N*~5~\]-5′*S*-cdG, \[^15^*N*~5~\]-5′R-cdG, \[^15^*N*~5~\]-8-oxo-dG and \[^15^*N*~5~\]-8-oxo-dA) as previously described (see [Fig. S1](#appsec1){ref-type="sec"}) \[[@bib14],[@bib41]\]. Benzonase (3 U in 20 mMTris-HCl pH 8.0, 2 mM MgCl~2~ and 20 mM NaCl), 4 mU phosphodiesterase I, 3 U DNase I, 2 mU of phosphodiesterase II and 2 U of alkaline phosphatase were added and the mixture was incubated at 37 °C. After 21 h, 35 μL of Ar flushed buffer containing 0.3 M NaOAc (pH 5.6) and 10 mM ZnCl~2~ were added along with 0.5 U of Nuclease P1 (in 30 mM NaOAc pH 5.3, 5 mM ZnCl~2~ and 50 mM NaCl), 4 mU PDE II and 125 mU of DNase II and the mixture was further incubated at 37 °C for extra 21 h. A step-quenching with 1% formic acid solution (final pH\~7) was followed, the digestion mixture was placed in a microspin filter (3 kDa) and the enzymes were filtered off by centrifugation at 14,000×*g* (4 °C) for 20 min. Subsequently, the filtrate was freeze-dried before HPLC analysis, clean-up and enrichment.

2.4. Measurement of modified nucleosides by LC-MS/MS {#sec2.4}
----------------------------------------------------

The samples were analyzed by an HPLC-UV system coupled with a sample collector, while the fractions containing the lesions were collected, freeze-dried, pooled, freeze-dried again, redissolved in Milli-Q water and subsequently injected to the LC-MS/MS system \[[@bib4],[@bib5],[@bib14],[@bib40], [@bib41], [@bib42]\]. A triple-stage quadrupole mass spectrometer equipped with electrospray ionization (ESI) source in positive mode was employed for the detection and quantification of the lesions in the enzymatically digested DNA samples. The gradient elution program used for the chromatographic separation of the DNA lesions initiated with 99% of 2 mM ammonium formate (solvent A) and 1% acetonitrile (solvent B) (held for 1 min), increasing solvent B from 1% to 9.8% within 20 min and then immediately to 15% solvent B (held for 5 min), closing with initial conditions for 10 min re-equilibration. The flow rate remained constant at 0.2 mL/min, the injection volume was 30 μL and column temperature was set at 30 ^°^C. Detection was performed in multiple reaction monitoring mode (MRM) using the two most intense and characteristic precursor/product ion transitions for each DNA lesion ([Supplementary Fig. S2](#appsec1){ref-type="sec"} and [Table S1](#appsec1){ref-type="sec"}) \[[@bib40],[@bib43]\].

2.5. Statistical analysis {#sec2.5}
-------------------------

The data were expressed as mean ± standard deviation (SD) of the nine samples measurements. The unpaired *t-*test was used for statistical analysis and a two-tailed *p*-value \< 0.05, *p*-value \< 0.01and *p*-value \<0.001 were considered to indicate a statistical significant difference.

3. Results {#sec3}
==========

3.1. Analysis of oxidative DNA damage in colon biopsies isolated from IBD patients {#sec3.1}
----------------------------------------------------------------------------------

Genomic DNA was isolated from fresh tissue biopsies collected from inflamed and normal areas during routine colonoscopy and then hydrolyzed to single nucleosides by using a nuclease-containing enzymatic cocktail and analyzed by liquid chromatography with tandem mass spectrometry for the determination of the six modified purine nucleosides (see in accordance to a recently optimized protocol) \[[@bib4],[@bib42]\]. The quantification of the lesions was executed in two separate steps, increasing the overall sensitivity of the method. Initially, the hydrolyzed DNA sample was analyzed by an HPLC-UV system coupled with a sample collector, where the quantification of the unmodified nucleosides took place, based on their absorbance at 260 nm. The collected samples, which contain the modified lesions, were concentrated and injected subsequently to LC-ESI-MS/MS to be analyzed independently \[[@bib4],[@bib42]\].

In [Table 1](#tbl1){ref-type="table"} the levels of the oxidatively-induced purine lesions in DNA isolated from nine patients affected by IBD are summarized, in both non-inflamed (NI) and inflamed (I) samples. As shown in [Fig. 2](#fig2){ref-type="fig"}a, the 5′*S*-cdG is the most predominant lesion with levels of 0.27-0.48/10^6^ nucleobases (Nu) followed by 5′*S*-cdA with 0.16-0.31/10^6^ Nu, 5′*R*-cdA with 0.06-0.15/10^6^ Nu and 5′*R*-cdG with 0.04-0.08/10^6^ Nu. In general, the I samples exhibited substantially increased levels of cPu lesions compared to NI samples ([Supplementary Table S2](#appsec1){ref-type="sec"} and [Table S3](#appsec1){ref-type="sec"}). Moreover, significant higher levels of both 8-oxo-dA and 8-oxo-dG were also observed in I samples, as [Fig. 2](#fig2){ref-type="fig"}b depicts (*p* = 0.0012 and *p* = 0.0002, respectively, cf. [Supplementary Table S3](#appsec1){ref-type="sec"}). Overall, NI and I samples accumulate approximately 5-6 times elevated levels of 8-oxo-dG (1.81-2.67/10^6^ Nu) comparing with the corresponding 8-oxo-dA ones (0.27-0.60/10^6^ Nu).Table 1The levels (lesions/10^6^ Nu) of 5′*S*-cdA, 5′*R*-cdA, 5′*S*-cdG, 5′*R*-cdG, 8-oxo-dA and 8-oxo-dG in genomic DNA samples isolated from non-inflamed (**NI**) and inflamed (**I**) tissues. The numbers represent the values of DNA lesions levels from the measurement of each sample.Table 1Sample5′*S*-cdA5′*R*-cdA5′*S*-cdG5′*R*-cdG8-oxo-dA8-oxo-dG1 **NI**0.160.060.320.060.321.891 **I**0.290.130.420.070.602.522 **NI**0.220.090.330.060.352.032 **I**0.310.140.480.080.552.433 **NI**0.220.070.320.040.272.113 **I**0.270.100.390.060.372.674 **NI**0.200.080.340.040.332.064 **I**0.250.100.410.080.482.635 **NI**0.220.090.300.040.281.815 **I**0.290.110.360.060.422.506 **NI**0.210.090.310.040.382.076 **I**0.270.150.390.070.532.677 **NI**0.250.110.320.050.411.937 **I**0.250.110.320.060.422.008 **NI**0.190.060.270.040.321.828 **I**0.260.080.320.050.422.399 **NI**0.200.070.280.040.301.909 **I**0.240.080.330.050.342.06Fig. 2The levels of lesions/10^6^Nu in genomic DNA samples measured by LC-MS/MS. **(a)** The levels of 5′*S*-cdA 5′*R*-cdA, 5′*S*-cdG and 5′*R*-cdG in NI (dark blue) and I (light blue) colon tissues samples from IBD patients; (**b)** The levels of 8-oxo-dA and 8-oxo-dG in NI and I samples from IBD patients; **(c)** Diastereomeric ratios (5′*R*/5′*S*) of cdA and cdG in NI and I from IBD patients; **(d)** The levels of cPu and 8-oxo-Pu, in NI and I samples from IBD patients; **(e)** The levels of 8-oxo-dA and 8-oxo-dG in adipose tissues samples from severely obese patients. The values represent the mean ± SD of *n* = 9 independent samples of each group,\* denotes a statistically significant difference (*p* \< 0.05) between NI and I groups, \*\* denotes a statistically significant difference (*p* \< 0.01) between NI and I group sand \*\*\* denotes a statistically significant difference (*p* \< 0.001) between NI and I groups. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

In [Fig. 2](#fig2){ref-type="fig"}c, the ratios of 5′*R*/5′*S* for cdG and cdA, measured in NI and I colon biopsies are presented. In general, the ratios of I groups for both cdA and cdG were found higher compared with NI (0.32-0.46 and 0.12-0.19, respectively), while a statistically significant enhancement was revealed for cdA (*p* = 0.045) in I samples ([Supplementary Table S4](#appsec1){ref-type="sec"}, [Table S5](#appsec1){ref-type="sec"} and [Table S6](#appsec1){ref-type="sec"}). Total 8-oxo-Pu levels were found approximately 3.5-fold more elevated compared with total cPu in NI and I samples as depicted in [Fig. 2](#fig2){ref-type="fig"}d ([Supplementary Table S7](#appsec1){ref-type="sec"}). Comparison between NI and I samples highlighted a significant increase for both cPu (*p* = 0.0003) and 8-oxo-Pu (*p* = 0.0002) in I samples ([Supplementary Table S8](#appsec1){ref-type="sec"}).

3.2. Analysis of oxidative DNA damage in adipose tissue biopsies isolated from severely obese patients {#sec3.2}
------------------------------------------------------------------------------------------------------

The levels of oxidized bases were also determined, similarly to what executed with IBD specimens, in biopsies of visceral adipose tissue collected from nine severely obese patients during a sleeve gastrectomy intervention. A strong reduction of DNA base oxidation was observed in adipose tissue versus colon biopsies. In particular, in adipose tissue, the cPu levels were below the detection limits; the 8-oxo-dG levels show a high variability (0.49-1.57/10^6^ Nu) and the 8-oxo-dG levels were extensively higher compared to 8-oxo-dA (from 27 to 150 times) ([Table 2](#tbl2){ref-type="table"} and [Fig. 2](#fig2){ref-type="fig"}e). It was also worth mentioning that four out of nine samples the 8-oxo-dA levels were below the detection limits.Table 2The levels (lesions/10^6^ Nu) of 8-oxo-Pu in genomic DNA of adipose tissue samples. The numbers represent the values of DNA lesions levels from the measurement of each sample.Table 2Sample8-oxo-dA8-oxo-dG1 **OB**0.041.572 **OB**--0.653 **OB**0.051.354 **OB**--0.495 **OB**0.011.396 **OB**0.020.907 **OB**--0.978 **OB**0.011.529 **OB**0.011.21

3.3. Gene expression analysis in colon and adipose tissue biopsies {#sec3.3}
------------------------------------------------------------------

Gene expression levels of interferon-γ(IFNγ), nuclear factor-k (NF-kB), inducible nitric oxide synthase (iNOS), prostaglandin-endoperoxide synthase 2 (PTGS2) and tumor necrosis factor (TNF) have been analyzed by quantitative PCR to monitor the inflammation status. A higher gene expression level of *INFγ, PTGS2 and iNOS* has been observed in the macroscopically inflamed colon biopsies versus the non-inflamed counterpart testifying a clear discrimination between inflamed and normal tissue at the molecular level too ([Fig. 3](#fig3){ref-type="fig"}) \[[@bib36]\].Fig. 3Analysis of the mRNA expression levels of inflammation-related genes in inflamed colon biopsies isolated from IBD patients normalized versus non-inflamed mucosa.Fig. 3

Several studies have demonstrated that high levels of expression of iNOS are correlated with increased levels of intracellular RNS and ROS, resulting in DNA damage \[[@bib30],[@bib31],[@bib44]\]. Since it is well documented that one of the main pathways to generating HO^•^ radicals can be from homolysis of protonated peroxynitrite \[[@bib1],[@bib2],[@bib45]\], the analysis of iNOS expression, together with the measurement of 8-oxodG and cPu, represents the determining parameter for measuring the tissue inflammation state. Therefore, the iNOS gene expression level has also been analyzed in adipose tissue biopsies isolated from severely obese patients (7 patients) who have undergone bariatric surgery (sleeve gastrectomy). These results were compared with what observed in adipose tissue biopsies isolated from normal weight subjects, i.e. patients (5 patients) who, preventively, undergo cholecystectomies for gallstones without ongoing inflammation process. In the majority of samples, the levels of iNOS were not measurable (below the detection limits) in both obese and normal biopsies. These data are in agreement with what was previously observed in human subcutaneous adipose tissue \[[@bib46]\] and with what is reported in the Protein Atlas online immunohistochemistry re-source (<http://www.proteinatlas.org>).

4. Discussion {#sec4}
=============

The majority of DNA lesions induced by oxidative stress is recognized by DNA glycosylases, which catalyze the first step of the base excision repair (BER), an error-free stepwise repair mechanism that leads to a complete sequence restoration. The cPu, oxidative DNA lesions specifically generated by HO^•^ radicals, are bulky adducts formed by abstraction of the H5′ atom of the 2-deoxyribose moiety, followed by intramolecular cyclization and subsequent oxidation of the resulting N7-radical \[[@bib4],[@bib41]\]. The peculiar structural changes caused by cPu, i.e. the displacement of the purine base, the unusual sugar pucker and the deformation of the sugar-phosphate backbone, prevent the recognition by DNA glycosylases. Therefore, the cPu can be recognized and repaired by nucleotide excision repair (NER) and no other repair pathways can process these adducts. Unrepaired cPu lead to deleterious biological consequences since these lesions are able to block both DNA and RNA polymerases and can be bypassed by error-prone Y family DNA polymerases, then causing cell death and mutagenesis \[[@bib16]\]. In details, *in vitro* steady-state kinetic assays, carried out in human cells, showed that both 5′*S*-cdA and 5′*S*-cdG can be bypassed by a concerted action of pol η/ι and pol ζ, which are able to execute the insertion and extension step, respectively \[[@bib9]\]. The replicative bypass of 5′*S*-cdG was mutagenic, at a frequency of 50%, leading to both G to T and G to A mutations. Conversely, the replicative bypass across 5′*S*-cdA is less mutagenic leading to approximately 10% of A to T transvertions.

Recently, translesion activity similarly to what observed for the Y family DNA polymerases was shown for DNA polymerase β by Liu and coworkers \[[@bib47]\]. In this study was found that Pol β can efficiently bypass a 5′*R*-cdA incorporating dT opposite the lesion and still to perform strand displacement synthesis, but can also misincorporate dC and both purine nucleosides (dG and dA). Moreover, in case of 5′*S*-cdA, pol β inserts dT opposite the lesion, but fails to continue the synthesis resulting in accumulation of single-strand DNA breaks. Thus, pol β bypass of an *R*-cdA can lead to nucleotide misincorporation causing mutations, whereas its bypass of an *S*-cdA can cause the accumulation of DNA strand break intermediates that in turn results in recombination and genome instability \[[@bib47]\].

Based on these lines of evidence we wondered whether these lesions could be accumulated *in vivo*, at target tissue level, in human specimens derived from patients affected by diseases characterized by chronic inflammation, such as IBD. The results presented in this study about the abundance of 5′*S* on 5′*R*, both for cdA than cdG, showed a significant accumulation of cPu in inflamed IBD-colon biopsies versus the normal counterpart. Additionally, the 5′*S* diastereomers of cdA and cdG were found at higher levels than the 5′*R* counterparts, supporting the more efficient repair of the 5′*R* diastereomers of the 5′,8-cyclopurine reported in human cell extracts \[[@bib8]\]. Previous studies carried out in calf-thymus DNA \[[@bib48]\] by Fenton-type reagents *in vitro* showed that cPu are induced at much lower levels than 8-oxo-dG, and *R* diastereomers of the cPu lesions are produced more efficiently than the *S* counterparts. The relatively small differences in the levels of cPu vs. 8-oxo-Pu, and of the two diastereomers in tissue DNA (compared to results obtained from *in vitro* Fenton reaction) suggest that cPu lesions are poorly repaired compared to 8-oxo-Pu. The abundance of cPu lesions in our study suggests their potential role in the known CRC susceptibility of IBD patients. This hypothesis is also supported by the recent whole-exome sequencing analyses of IBD-associated colon cancers (IBD-CRC) and sporadic-CRC (S-CRC) \[[@bib49]\]. Although no sharp differences have been found in the mutational landscape observed in IBD-CRC versus S-CRC, it is interesting to note a predominance of G to A transitions and an excess of A to C transversions. The majority (48%) of G to A transitions were located at CpG sites and these are mutations commonly found in other cancers and derived from the spontaneous deamination of methylated cytosine. For the remaining (14%) G to T randomly located it should be interesting to remind that this kind of mutations is correlated to the expression of iNOS, which is known to be highly expressed in IBD tissues \[[@bib50],[@bib51]\]. In addition, G to A mutations can also rise by translesion synthesis across 5′*S*-cdG \[[@bib9]\].

Similarly, to what previously found in esophageal adenocarcinomas, another tumor characterized by an environment of inflammation, the majority of AT\>CG transversions are located in a context of AAG trinucleotides. These transversions can also derive from the misincorporation of the 8-oxo-dG triphosphate, as oxidatively damaged DNA precursor \[[@bib52]\]. Of note, no significant contribution of GC\>TA transversions, the canonical signature of oxidative DNA damage, has been observed in the IBD-CRC either in nuclear or mitochondrial genome \[[@bib49],[@bib53]\], although a clear increase of 8-oxo-dG has been observed. An increased DNA repair capacity of oxidative DNA damage could explain this apparent discrepancy. Actually, it has been recently reported that OGG1 and MTH1, the 8-oxoguanine-DNA glycosylase and the nucleotide pool-sanitizing enzyme, respectively, were upregulated in IBD, through an inflammatory condition that progresses to CRC, suggesting that an adaptive response to oxidative stress can concur to the pathogenesis of IBD-CRC \[[@bib54]\].

The cPu are expected to persist in the mitochondrial genome since the well-known lack of NER in these organelles. Interestingly, in a recent study, higher levels of circulating mitochondrial DNA have been found in both IBD-patients and mouse colitis induced by dextran sulfate-sodium compared to the controls, suggesting that mtDNA fragments, released during the active phase, might be a key pro-inflammatory factor in IBD \[[@bib55]\]. In addition, the analysis of the mitochondrial DNA mutations in biopsies from IBD patients with and without cancer, as well as, at different stages of dysplastic progression, showed a dual pattern: an accumulation of mitochondrial mutations, from control to pre-neoplastic dysplasia and a negative selection in cancer \[[@bib53]\]. All these data suggest that the accumulation of cPu in inflamed colon biopsies might be a relevant predictive marker for IBD-CRC susceptibility.

Conversely, in adipose tissue biopsies a decrease of oxidative DNA damage, testified by a strong reduction of 8-oxo-dA ([Fig. 2](#fig2){ref-type="fig"}e and [Table 2](#tbl2){ref-type="table"}) and the lack of cPu, together with the absence of iNOS expression has been detected.

In literature the results of investigations of DNA damage in obesity patients are conflicting \[[@bib56]\], and the data provide only limited evidence for an association between overweight/obesity and genomic instability. The current discrepancy in the studies concerning the DNA damage and DNA repair capacity in obesity might be due to potential confounding factors such as: uncontrolled intake of vitamins and minerals and consumption of various nutrition as well as the different methodologies applied to quantify DNA lesions and assess DNA integrity. The dietary heterogeneity is thought to be, at least partially, responsible for the poor reproducibility among the distinct human studies. Consistently, the standard diets and the controlled housing conditions, applied in the animal studies, lead to reproducible results that show a link between obesity and genomic instability \[[@bib57], [@bib58], [@bib59]\].

These studies were mainly conducted with C57BL/6j mice and these animals develop symptoms which are characteristic for obese humans namely hyperinsulinemia, hyperglycemia, and hypertension \[[@bib60]\]. The bariatric patients enrolled in this study, although affected by severe obesity (average BMI = 43.2 ± 9.9), do not have any obesity-associated comorbidity and show a low grade of inflammation (our unpublished data) consistently with the reduced level of oxidative DNA lesions.

The methodologies used for the quantification of the oxidative DNA lesions, may be another important factor that might explain the conflicting results found in literature. It should be noticed that data obtained in different laboratories gave rise to different results, mainly due to deviations among experimental conditions used in the various laboratories or inconsistent quantification of lesions because of oxidation artefacts \[[@bib61],[@bib62]\]. Also 8-oxo-dG measurements in humans do not allow to draw firm conclusions (positive, as well as negative correlations were detected); notably, the study with the highest quality score found even a significant inverse association \[[@bib63]\].

In this study, we followed a rigorous protocol, developed in our laboratory, to analyse and quantify, simultaneously, the occurrence of the four cPu and the two 8-oxo-Pu lesions \[[@bib14],[@bib40],[@bib41],[@bib43]\]. The lesions were analyzed by LC-MS/MS, the use isotopically labelled internal standards spiked in the DNA samples prior to the treatment with enzymes, provide robust information regarding the analyte stability and the overall method accuracy, which is critical for quantification.

5. Conclusions {#sec5}
==============

In this study we tested the role of oxidative stress in two different pathologies characterized by a chronic inflammation process, such as inflammatory bowel disorders (IBD) and severe obesity. We show that the inflamed colon biopsies, collected from IBD patients, are characterized by a significant increase of cPu in parallel to the overexpression of iNOS, whose activity leads to the formation of HO^•^ which is known to be the radical species of election for the cPu formation. These findings suggest that the accumulation of these mutagenic adducts might be involved in the CRC susceptibility observed in people affected by these chronic diseases. In contrast, in adipose tissue biopsies, collected from severely obese patients, the undetectable levels of cPu and the lack of iNOS induction, lead to exclude the potential involvement of these adducts in the higher obesity-related cancer susceptibility. The potential causal role of the cPu in IBD-related tumorigenesis suggests their usefulness as early predictive biomarkers for IBD-associated colon cancer while ongoing experiments with biopsies of different stage of the disorder received from the inflamed areas and compared with healthy counterpart will elucidate lesions accumulation and their direct correlation to HO^•^-induced DNA damage.
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